We analyze the broadband photometric light curves of Seyfert 1 galaxies from the Sergeev et al. (2005) sample and find that a) perturbations propagating across the continuum emitting region are a general phenomenon securely detected in most cases, b) it is possible to obtain reliable time-delays between continuum emission in different wavebands, which are not biased by the contribution of broad emission lines to the signal, and that c) such lags are consistent with the predictions of standard irradiated accretion disk models, given the optical luminosity of the sources. These findings provide new and independent support for standard accretion disks being responsible for the bulk of the (rest) optical emission in low-luminosity active galactic nuclei (AGN). We interpret our lag measurements in individual objects within the framework of this model and estimate the typical mass accretion rate to be 0.1 M ⊙ yr −1 , with little dependence on the black hole mass. Assuming bolometric corrections typical of type-I sources, we find tentative evidence for the radiative efficiency of accretion flows being a rising function of the black hole mass. With upcoming surveys that will regularly monitor the sky, we may be able to better quantify possible departures from standard self-similar models, and identify other modes of accretion in AGN.
INTRODUCTION
The current physical paradigm of accretion onto black holes (BHs) originates in the works of Salpeter (1964) , Zel'dovich (1964) , Lynden-Bell (1969) , Shakura (1972) , Novikov & Thorne (1973) , and Shakura & Sunyaev (1973) . In the standard model of accretion disks, matter gradually accretes onto the BH while losing angular momentum due to viscous shear. As the accreted gas becomes more tightly bound to the BH, its gravitational energy is locally dissipated and emitted as local blackbody radiation. The combined emission from a range of disk annuli around BHs typical of active galactic nuclei (AGN) gives rise to a powerlaw emission in the optical band. The radiative efficiency of accretion processes through a thin disk depends largely on the gas ability to radiate close to the innermost stable orbit, which depends on the BH spin. Under favorable conditions, the total energy extracted is 30% of the gas rest energy (Novikov & Thorne 1973; Noble et al. 2011) , and most of it is emitted at extreme-UV (EUV) energies for the parameter range typical of AGN.
We note that aside from thin accretion disks, a variety of additional accretion modes likely exist, such as advection dominated accretion flows (Narayan & Yi 1994) , and slim disk solutions (Abramowicz et al. 1988) . Other configurations, such as ADIOS (Blandford & Begelman 1999) and CDAF (Quataert & Gruzinov 2000) , where only a small fraction of the gas ultimately gets accreted by the BH, are also possible.
Qualitatively, the rapid time-varying flux level from AGN is consistent with a compact source, which, by causality arguments, implies a BH-scale phenomenon. In particular, geometrically-thin accretion disk models have been very successful in explaining the prominent continuum emission of AGN over a broad range of wavelengths, from the optical to the soft X-ray bands. Quantitatively, however, very little is known with confidence about the physical properties of accretion flows, and many uncertainties remain about their nature. For example, the (wavelength-dependent) size of the continuum emitting region is rather loosely constrained by causality arguments, and some tension has recently risen between model predictions and microlensing-assisted measurements of the optically-emitting region in a few lensed quasars (Blackburne et al. 2011 , but see also Poindexter et al. (2008) ). Whether this tension is simply due to measurement systematics or whether it points to new, previously unrealized physics of accretion flows (Dexter & Agol 2011) , is currently unclear. Providing reliable constraints on accretion disk models is therefore of considerable importance for shedding light on processes of gas accretion onto compact objects.
Reverberation mapping is a widely-used technique for probing spatially unresolved regions in astrophysical systems. This method, as applied to spectroscopic light curves of AGN, proved to be essential for studying the broad emission line region (BLR) in those objects, and for determining the masses of the BHs powering them. Similarly, by searching for, and studying, reverberating continuum signals over a range of wavelengths, one may be able to deduce the scale of accretion flow, thereby contrasting accretion disk model predictions with direct observables other than the shape of the spectral energy distribution (Malkan 1983; Laor & Netzer 1989) . Indeed, Collier et al. (1998 Collier et al. ( , 2001 carried out the only intensive spectroscopic campaigns of two Seyfert 1 galaxies (NGC 7469, and the narrow line object Akn 564) leading to wavelength-dependent time-delay maps, which are in qualitative agreement with thin accretion disk models. (Sergeev et al. 2005) overlaid with the z = 0 composite AGN spectrum of Glikman et al. (2006) . Also shown are the typical measurement uncertainties and the throughput-weighted central wavelengths for each band (colored diamonds). The percentages denote the relative contributions of all emission components other than the powerlaw (dashed line) to the composite spectrum in each band (lower values correspond to a case where iron emission is ignored; see the text).
However, being the only objects for which such studies has been carried out to date (mainly due to the imposing requirements on high signal-to-noise ratios, S/N, and high-cadence observations), it remains to be established that this phenomena is general, and to understand its manifestation in AGN of different properties, such as BH mass and luminosity.
While several attempts have been made to use multiband photometric data to constrain the physics of accretion processes in AGN (Sergeev et al. 2005; Bachev 2009; Cackett et al. 2007) , the scatter in the measured inter-band time-delays was large and, as discussed in Chelouche & Zucker (2013) , results were biased by the finite contribution of the broad emission lines to the signal. In particular, Chelouche & Zucker (2013) showed that the determination of continuum time-delays and of lineto-continuum time-delays must be done self-consistently when broadband photometric data are concerned. In this work we apply their formalism to carry out reliable reverberation mapping analysis of the accretion disks in a sample of low-luminosity AGN (Seyfert 1 galaxies) from Sergeev et al. (2005) . This paper is organized as follows: the AGN sample is presented in §2, and the method of analysis briefly outlined in §3. The results are presented in §4, with their interpretation within the framework of irradiated thin accretion disk models given in §5. Section 6 discusses our findings in the context of AGN physics and the prospects for reverberation mapping of accretion disks using upcoming photometric surveys. The summary follows in §7.
SAMPLE
Here we restrict our analysis to objects in the Sergeev et al. (2005) sample of low-z Seyfert 1 galaxies for which the BLR size, hence also the BH mass, M BH , have been independently constrained by means of spectroscopic reverberation mapping (Bentz et al. 2009; Grier et al. 2012; Peterson et al. 2004) . The reason for that will be further clarified below. Some properties of the sample are given in table 1 [see also Sergeev et al. (2005) and Chelouche & Zucker (2013) for more details].
We estimate the monochromatic optical luminosity at 5100Å L opt ≡ λL λ (5100Å) for objects in the Sergeev et al. (2005) sample in several ways to bracket the relevant luminosity range under a plausible range of underlying assumptions. We note, however, that by using different datasets to estimate the AGN luminosity, some scatter in the luminosity may be expected on grounds of object-variability as well as by the different starlight contribution admitted by the apertures used by different studies.
We first consider the results of Cackett et al. (2007) who quote V -band fluxes (we take the mean between their reported high-and low-states), and convert those to luminosity assuming concordance cosmology, while taking into account their reported Galactic and intrinsic reddening values (derived from the Balmer line ratio), and assuming R V = 3.1. We also correct for the contribution of the host using their best-fit values. As an alternative estimate for the optical luminosity, we consider the results of Bentz et al. (2009) who were able to directly subtract the host's contribution from the signal, but did not correct for intrinsic extinction. Unsurprisingly, their reported luminosities tend to be the lowest of all other estimates yet still larger than those reported by Bentz et al. (2006) . As our third estimate, we take the absolute B-band magnitudes reported by Sergeev et al. (2005) , and convert those to luminosities assuming the conversion factors appropriate for low-z quasars in Kaspi et al. (2000) . Doing so we effectively neglect reddening effects as well as potential contribution from the host galaxy to the B-band flux. Lastly, we consider the luminosities previously reported by Kaspi et al. (2000) ; Peterson et al. (2004) for some objects in our sample. The optical luminosities reported in Table 1 are the geometric means of all estimates. We note the especially large range of luminosities reported in the literature for Mrk 6, NGC 4151, and NGC 3516 (Bentz et al. 2009; Cackett et al. 2007) .
In this work we use the published B, V, R, R1 and I light curves from Sergeev et al. (2005) and note that, at the redshift of the sample, the B-band includes highorder Balmer line emission, and the V -band is relatively devoid of strong emission lines (Fig. 1) . The R-band contains the prominent Hα emission line, with redder bands showing little contribution from strong emission lines. The best S/N for objects in this sub-sample is obtained for the V -and R-bands.
METHOD
We use the multivariate correlation function (MCF) method of Chelouche & Zucker (2013) , which is able, under favorable conditions, to separate line-to-continuum and continuum-to-continuum time-delays (τ l and τ c , respectively) from the broadband photometric light curves of quasars. The reader is referred to Chelouche & Zucker (2013) for a complete description of the technique, and its implementation for a portion of the Sergeev et al. (2005) dataset. In a nutshell, this technique eliminates the biases inherent to simple cross-correlation analyses that are encountered when several reverberating emission components, such as continuum and emission lines, contribute to the signal. Specifically, the algorithm seeks the best agreement between the (fluxed) light curve in one band, Column description: (1) Object name, (2) redshift, (3) optical luminosity at 5100Å in Log (erg s −1 ) units (see text), (4) mass in Log (M ⊙ ), (5) time-lag in days where the best-fit model is forced to go through zero lag at 5500Å (values in parenthesis correspond to fits that were not forced to go through zero lag, i.e., the dashed line models in Fig. 5 ) , (6) effective mass accretion rate in units of
f X (t), and its model, f m X (t), as a function of the model parameters. More specifically, f X (t), is assumed to include at most two prominent echoed signals, with either positive or negative time-delays, of a light curve in some other band, f V (t). An adequate first order approximation for f X (t) is then given by f
where α determines the relative contribution of the two signals to the broadband flux. Specifically, a parameter combination is sought in three dimensional phase space, which maximizes the (linearly-interpolated) Pearson correlation coefficient between the model and the data, R(f X , f m X ). As demonstrated in Chelouche & Zucker (2013) , the use of priors on one or more parameter values, when available, may lead to improved constraints on the remaining parameters of the problem.
As discussed in §2 (see also Fig. 1 ), the V -band is relatively devoid of broad emission line contribution to its flux, and its light curve is typically characterized by a high S/N data. Specifically, a single powerlaw fit to the composite spectrum of Glikman et al. (2006) implies that the contribution of non-powerlaw continuum emission to this band is on the order of 5% or less, hence lower than that for the other bands (Fig. 1) . For these reasons, we consider the V -band light curves as our "pure" continuum light curve, hence f V (t) in the above notation, and use it to construct f m X (t) where X ∈ [B, R, R1, I].
, we find τ c , τ l , and α for each of the bands.
ANALYSIS
As discussed in Chelouche & Zucker (2013) , determining τ c , which is a measure of the accretion disk size (see below), requires, in principle, the simultaneous determination of τ l and α. We first apply the full reverberation mapping analysis for a sub-sample of objects from the Sergeev et al. (2005) , and then, motivated by its results, extend the analysis to the full sample using spectroscopic priors on τ l . Figure 2 . The continuum-to-continuum (τc; upper panel), lineto-continuum (τ l ; middle panel), and relative BLR emission contribution to the band (α; lower panel) relative to the V -band light curve for three AGN (see legend). Empty symbols correspond to spectroscopically-determined Balmer line lags. Clearly, τ l values are comparable in all bands, and consistent with the spectroscopic values (see text). A trend wherein τc increases with wavelength is seen for NGC 4151 and NGC3516. Deduced values for α are consistent with naive spectral decomposition (Fig. 1) . Small wavelength shifts between objects were applied for clarity.
4.1.
A sub-sample of three AGN from Sergeev et al. (2005) We restrict the analysis in this section to objects in the Sergeev et al. (2005) sample, which gave high confidencelevel (P > 90%) results in the Chelouche & Zucker (2013) analysis of the V and R data. For those objects, solutions for τ c , τ l and α were most secure, and τ l values showed good agreement with independent constraints from spectroscopic reverberation mapping studies (Peterson et al. 2004; Grier et al. 2012 , and references therein). Our sub-sample of objects therefore includes: NGC 5548, NGC 4151, and NGC 3516 (Chelouche & Zucker 2013, see their Table 1 for the relevant data). De-trending of the light curves by a first degree polynomial was used throughout.
Solutions for τ c and τ l , and α are shown in figure  2 for the various bands. The quoted values reflect on the mode of the distribution functions obtained from Monte Carlo simulations that introduce Gaussian measurement noise in accordance with the reported measurement uncertainties (Sergeev et al. 2005) . Reported error bars reflect on ±68% percentiles around the mode value (Chelouche & Zucker 2013) .
Statistically significant τ l -values are detected in all three objects and in all bands but for the noisier B band (not shown). In particular, for a given object, the deduced values are consistent for the different bands, as may be expected if emission from similar locations in the BLR contributes to their flux. As noted in Chelouche & Zucker (2013, see their Table 1 ), these lags are also consistent with the spectroscopically measured Balmer time-delays. This is indeed expected given that hydrogen emission dominates the non-powerlaw emission in those bands either through Balmer line emission, or via Paschen lines and continuum emission (Fig. 1) .
As far as results for the B-band are concerned, we note that higher-order Balmer line and iron blend emission are important contributors to the flux, and while the former originate from regions comparable to the Hα and Hβ emission regions (Bentz et al. 2010) , the location of the latter is less secure with some studies placing it on scales comparable or slightly larger than the Balmer line emission region (Bian et al. 2010; Hu et al. 2008 ); see also the new results of Barth et al. (2013) ; Rafter et al. (2013) who find that the region is comparable in size to that which emits the Hα line (Bentz et al. 2010) . For these reasons, in our analysis of the B-band data, we henceforth set τ l to the spectroscopically-measured Balmer line time-delay (Chelouche & Zucker 2013, see their table 1 and references therein), and determine τ c and α for the B-band under this prior (see §4.1.1).
The deduced values for α for the redder bands are of order 20% (NGC 5548 results in α ∼ 40%; see Fig. 2 ). In comparison, the B-band data implies a smaller (5%-10%) relative contribution of a lagging emission component to the band. Indeed, a qualitative spectral decomposition of the Glikman et al. (2006) composite spectrum suggests that the contribution of non-powerlaw emission to the bands is of the same order 2 (Fig. 1 ). Our τ c measurements relative to the V -band show a qualitative trend whereby τ c increases with wavelength from negative values for the B-band to positive lags for the redder bands. This is most notable for NGC 4151 and less so for NGC 3516 due to the larger uncertainties. Results for NGC 5548, while formally negative, are consistent with a zero lag in all bands, with only the upper uncertainty envelope hinting on a possible increase of τ c with wavelength.
Setting priors on τ l
The consistency between the τ l -values deduced for the different bands, the agreement between those and the spectroscopic time-lag measurements for the Balmer emitting region (Fig. 2 and Chelouche & Zucker (2013) ), as well as the reasonable results for τ c and α obtained for the B-band when using priors, motivate us to consider a refined analysis approach, where the number of degrees of freedom is reduced. In particular, we henceforth set τ l to the spectroscopically-measured Balmer emission Table 1 for the adopted values, and note that we neglect the measurement uncertainty on τ l , as well as the weak inverse trend between the time-delay and the increasing line order (Bentz et al. 2010) ), and constrain the values for τ c and α under this prior in the remaining two-dimensional phase space for all bands. The results are shown in figures 3 and 4 for the three objects in our sub-sample. Generally, the results obtained by setting priors on τ l are consistent with those deduced without priors, yet the uncertainties are reduced, and higher significance τ c measurements are obtained. Specifically, the deduced τ c values are in qualitative agreement with irradiated accretion disk model predictions, where the lag increases with wavelength as one views larger emitting regions. By and large, the deduced τ c -values are consistently below those identified by inter-band time-delays (Cackett et al. 2007; Sergeev et al. 2005 , most notably for NGC 5548; see our Fig. 3 ), which are contaminated by emission lines signal (Chelouche & Zucker 2013) , and are in better agreement with those obtained for a similar luminosity object using spectroscopic means (Collier et al. 1998 , see also §4.2)
The solutions for α are now better-defined and show fair agreement with qualitative spectral decomposition estimates (Fig. 4 and more in §4.2). For example, NGC 3516 shows a maximal α-value in the R band, which can be attributed to the dominant contribution of Hα (Fig. 1) . Results for NGC 4151 imply an overall reduced contribution of emission lines to the flux (more accurately, flux variance) compared to NGC 3516, but that which monotonically rises toward the redder parts of the spectrum. There are various possible reasons for that, among which a BLR that varies less on the relevant timescales, and/or continuum emission that varies less in the redder parts of the spectrum, or is suppressed altogether due to disk truncation (it is not possible to robustly test either of these scenarios using the present dataset). Lastly we note the case of NGC 5548 that exhibits α-values that are in excess of what is expected from spectral decomposition, and in addition leads for formally negative (yet consistent with zero) lags for the redder bands. Together, these facts lead us to doubt the validity of the τ c and α solution in this case, and we exclude this object from further analysis.
The full Sergeev et al. (2005) sample
We next analyze the remaining 9 objects in the Sergeev et al. (2005) sample using spectroscopic priors on τ l (Table 1 in Chelouche & Zucker (2013) ). Results for most objects are consistent with τ c rising monotonically with wavelength from negative values for the Bband to positive values for the redder bands (Fig. 5) . In particular, results for NGC 7469 are in good agreement with the spectroscopic lag measurements of Collier et al. (1998) . NGC 3227 and Akn 120 are exceptions as τ c for the B-band is marginally positive, in contrast to naive model expectations where the bluer bands should lead the redder ones. The reason for that is currently unclear, and may have to do with the particular light curve behavior observed, sampling, or residual signal from emission lines. Results for the R1-and I-bands are largely consistent as the centroid wavelengths of both bands are quite similar 3 (Fig. 1) . Considering the statistical properties of the entire sample (Fig. 6) , we note that the median τ c is consistent with being monotonically rising with wavelength, i.e., with geometrically-thin accretion disk model predictions where τ c (λ) ∼ λ 4/3 (Collier et al. 1998) 4 . In comparison, the best-fit curve obtained using the median results of Cackett et al. (2007) is much steeper, with an effective linear slope that is ∼ 2 times greater than the one found here. As discussed above, this is likely because of BLR 3 Note that the wavelength which actually characterizes the bands is a (filter) response-weighted average over the light curve variance at each wavelength. This, however, is not known, and centroid values, assuming a flat quasar spectrum, are used instead.
4 Note, however, that the limited wavelength range probed here does not allow us to provide physically-meaningful constraints on the powerlaw index. 4000 6000 8000 Figure 5 . Results for τc (top panels in each group of two rows; note the different ordinate scales in each group) and α (bottom panels in each group) using a spectroscopic prior on τ l . Note the consistency with the spectroscopic τc-measurements of Collier et al. (1998, orange dots) for NGC 7469. In all objects but for NGC 3227 and Akn 120, a monotonic τc(λ) behavior is observed, as theoretically expected. Over-plotted in red curves are model fits to the data, where solid lines are forced to go through τc(5500Å) = 0 days (Eq. 1). In ∼ 50% of the objects, α peaks in the R-band due the relatively prominent contribution of the Hα line to the flux (see text). Finite α is obtained also for the reddest bands, and is due to the relatively large contribution of Paschen line and continuum emission to the variable component of the flux at those wavelengths.
emission contamination of the signal in cross-correlation analyses (Chelouche & Zucker 2013) . Turning our attention to α, we note that it is, typically, smallest for the B-band, peaks in the R band, and somewhat declines, yet remains finite also for the R1-and I-bands (Fig. 5) . This behavior is expected from a naive spectral decomposition of the Glikman et al. (2006) composite into powerlaw and non-powerlaw emission components (Fig. 4) . Particular objects (e.g., NGC 3227) show, however, a more monotonic increase of α with wavelength, as discussed in §4.1.1. Further investigation into the different α behavior observed in different objects is outside the scope of this work.
THE CASE FOR STANDARD ACCRETION DISKS
Motivated by the fact that τ c (λ) behavior is consistent, at least on average, with the model expectations Figure 6 . The median τc(λ) relation for all objects, excluding NGC 5548, shows consistency with irradiated accretion disk models' predictions (dashed and solid lines, with the latter being forced to go through zero lag at 5500Å; see text). Error bars were estimated using Monte Carlo simulations that consider the measurement uncertainty on τc(λ). Also shown, for comparison, are the median interband time-delays from Cackett et al. (2007, light shaded points) that lead to a factor ∼ 2 steeper slope (light-red curves) hence over-estimateṀ by a factor ∼ 8 (see the text). (Fig. 6) , and that reasonable values are obtained for both the continuum lags as well as for the relative contribution of line and continuum processes, for all bands, we shall now interpret our findings for individual objects within the framework of the irradiated geometrically-thin accretion disk model (Collier et al. 1998; Cackett et al. 2007 , see also the Appendix). Specifically, we turn to figures 3 and 5, where the measured τ c (λ) values are fitted, in the least squares sense 5 , by a model for a selfsimilar geometrically-thin accretion disk that is illuminated by a point source 6 , for which (Collier et al. 1998; Cackett et al. 2007 )
where λ X is the centroid wavelength of band X obtained by assuming a flat quasar continuum and the filter's throughput curves (Fig. 1) . For example, we find, τ 7 . For comparison, we also experimented with less physical models, which were not restricted to pass through τ c (5500Å) = 0 days (effectively it allows for deviations of the centroid broadband wavelengths from the assumed values), and find consistent results for most objects (see Table 1 ). Objects for which significant dif-5 We treat the time-delays associated with each band as independent measurements yet note that this is not strictly true since the V -band light curve is used to determine each of the lags. Further, correlated errors between the light curves in different bands could be an issue, although the MCF is less sensitive to those (Chelouche & Zucker 2013) .
6 This scenario is consistent with the rapid variability timescales observed in AGN with respect to the dynamical times in the optically emitting region. With that being said, this assumption is bound to break down close enough to the black hole, i.e., short enough emission wavelengths.
7 Here, ±34% percentiles around the mode value are reported, which are adequate to bracket the solution given the simple, singlepeaked, functional behavior of the MCF is the constrained phase space (Chelouche & Zucker 2013). ), which takes into account measurement uncertainties on the lag but not on the luminosity. For comparison we show the median (light green) and the minimal (dark green) sampling periods for our sources. Also shown is the BLR size-luminosity relation (Bentz et al. 2009 ) implying sizes an order of magnitude or so larger than the optical disk.
ferences are encountered between the two fitting methods include Mrk 509, Akn 120, and NGC 3227, with the latter two having their blue continua formally leading the V -band, yet still consistent with a zero lag.
The Lag-Luminosity Relation
We first consider the relation between the lag and the object luminosity, both of which are independent observables in our study. Figure 7 shows the best-fit relation to the data, τ (Collier et al. 1998 ). This implies that, for a thin irradiated self-similar accretion disk one expects τ 0 c ∼ L 1/2 opt , which agrees well with the observed relation.
One may wonder whether our τ 0 c measurements on subsampling times, τ s , are at all meaningful (e.g., NGC 4051 has a formal lag of ∼ 0.2 ± 0.1 while the minimum visit interval is ∼ 0.8 days). The answer depends on a) the number of data points, and b) the power density spectrum of the quasar. In particular, red power density spectra, which have little power at high frequencies (e.g., > 1/τ 0 c > 1/τ s ), may result in robust continuum lag measurements provided enough data with good S/N exist. In fact, this justifies the use of linear interpolation schemes for evaluating correlation functions in the general context of AGN reverberation mapping (Cackett et al. 2007; Kaspi et al. 2000; Sergeev et al. 2005) . Nevertheless, sampling is known to affect time-lag measurements (Grier et al. 2008) , and it will be of importance to repeat this experiment with better sampled data, especially for the lower luminosity objects, considering the typical values for τ Figure 8 . The measured vs. predicted (isotropic) optical luminosity matches a 1 : 1 relation (shown for several inclination angles), supporting the notion of geometrically-thin accretion disks being the source for the optical emission in low-luminosity type-I AGN. A notable discrepant point is that of Mrk 509 (encircled), which could be due to erroneous lag measurement or an extremely edgeon source. The blue/red lines correspond to the geometricallyaveraged results over luminosity bins (of 4/4/2 objects, from the luminous to the less luminous, and excluding Mrk 509) assuming the average/Cackett et al. (2007) here.
We note that while the minimum cadence of the observations is similar for all objects in the Sergeev et al. (2005) sample, the median sampling, which may be a more meaningful quantity as far as time-lag measurements are concerned, does show a weak trend with luminosity (Fig. 7) . Nevertheless, were our time-lag measurements merely reflecting on the slightly different sampling used, τ 0 c would have shown a mere factor of < 2 in range, in contrast to our findings. With that being said, it will be of importance to repeat this analysis for a sample of objects having a range of luminosities with luminosityindependent sampling, to verify that residual biases are indeed eliminated.
We note that Mrk 509 is consistently an outlier in our sample; whether this is due to extreme inclination (see below) or, more likely in our opinion, due to an erroneous lag measurement (note the poor fit in Fig. 5) , is yet to be determined.
The Source of Optical Emission
The fact that τ 0 c ∝ L 1/2 opt does not necessarily imply that viscous heating (perhaps with some irradiation) is primarily responsible for the bulk of the optical emission. For example, the light intensity of a varying point source that scatters off a uniform extended surface could result in a similar size-luminosity relation. To show that the irradiated thin accretion disk physics indeed provides a viable interpretation of the data, we will next relate the measured time-delays to the optical luminosity of the source within the framework of a Shakura & Sunyaev (1973) accretion disk model.
Note that, for low-amplitude radiative perturbations of a disk carrying an effective mass accretion rate,Ṁ (Collier et al. 1998 , and the Appendix),
where the exact normalization depends on which property of the continuum transfer function is being traced (for reverberation mapping algorithms that effectively measure the centroid of the transfer function, the above normalization holds irrespectively of the disk inclination 8 ). Our normalization of equation 2 is smaller by a factor ≃ 2 than the one used by Collier et al. (1998, allowing for the different definitions used in each work), and is supported by numerical calculations outlined in the Appendix. It is also in better agreement with the revised values adopted in Collier (2001) .
The optical flux in some AGN has been known to vary significantly over long, ≫ 1 day, timescales (Uttley et al. 2003) , which are, nevertheless, shorter than dynamical timescales associated with the optically-emitting region. If due to variations in the irradiation level then the disk would effectively "breath" during the time-series, increasing/decreasing its size in high/low flux-states, asṀ varies (Eq. 2 and the Appendix). Therefore, as one extracts the disk size from the full light curves, one actually measures some average value over the time-series [c.f., the corresponding effect for the BLR (Peterson et al. 2002) ]. This average is, however, difficult to define, hence to accurately interpret, since it depends on how the signal is accumulated by the correlation function and therefore on the light curve properties. Specifically, the particular variability pattern of the AGN, the sampling used, and the S/N of the data are all relevant factors in determining the exact value of the average lag. For the Sergeev et al. (2005) sample, we find that flux variations could affect the the effective disk size at the ∼ 10% level for most objects (with the most pronounced effect being at the ∼ 17% level for 3C 390.3). Such uncertainties should be borne in mind when quantitatively interpreting the data, and better datasets are required to shed light on their potential importance.
Inverting equation 2, one can use the measured lags to determine the product M BHṀ , which, in turn, sets the optical luminosity for AGN (Bian & Zhao 2003; Collin et al. 2002; , and the Appendix). This leads to the total optical disk luminosity being
To be able to compare model predictions to observations, whose reported values assume isotropic emission of the source, we note that L model,iso opt = 2L model opt cos(i) where i is the inclination angle. This means that, for sources observed with inclination angles i > 60
• , the implied isotropic luminosity will be lower than the true luminosity of the source. Nevertheless, for type-I sources, whose continuum emission is not obscured by the putative torus, it is believed that, generally, i < 60
• , which is also consistent with the findings of microlensing studies (Poindexter & Kochanek 2010) . Figure 8 shows model predictions for the isotropic optical luminosity (i = 0
• is assumed) vs. the measured value. It is important to re-emphasize that, a-priori, it is not clear that equation 3 should predict a luminosity similar to the observed one as our time lag measurements are independent of the object luminosity (so long as the AGN is not too faint to be observed). The fact that a 1 : 1 relation between the measured and predicted quantities is roughly obtained (note the different 1 : 1 relations plotted for various object inclinations in Fig. 8 ) provides strong evidence for the prevalence of standard thin irradiated accretion disks in AGN, at least as far as their optical emission properties are concerned. Furthermore, it implies that our time lag measurements are probably in the right ball park, and that type-I AGN are not highly-inclined sources, as expected by theory. For example, had our time-lag measurements been a factor ∼ 2 larger than observed [c.f. Cackett et al. (2007) and our Fig. 6 ], the predicted luminosities would have been a factor ∼ 4 larger, implying that AGN in the Sergeev et al. (2005) sample are either highly inclined, or that accretion disks are intrinsically inefficient emitters, in contrast with the underlying physical assumption of geometrically-thin disks (Shakura & Sunyaev 1973) . With that being said, one should be careful to not overinterpret the data, especially at the low-luminosity end, where under-sampling could lead to over-estimated lags hence a bias (see above).
DISCUSSION
The work presented here suggests that optical lightechoes associated with the accretion flow in lowluminosity AGN is a rather general phenomenon, which may be traced not only using spectroscopic data (for which only one convincing example exists to date, NGC 7469), but also using broadband photometric means. Nevertheless, to properly measure the time-delay associated with those echoes using photometric means, and to be able to subtract the interfering BLR signal, more elaborate techniques than cross-correlation schemes are required.
Accretion Disk Sizes
Our results are consistent with the notion that the bulk of the optical luminosity in AGN is emitted by standard, geometrically-thin, irradiated accretion disks. In contrast, using data for lensed quasars, Morgan et al. (2010) concluded that accretion flows are inconsistent with the bulk of the (rest-UV) emission originating in standard disks, as they are sub-luminous given their microlensingimplied sizes (assuming they radiate as black bodies with T ∼ r −3/4 ). In particular, they found that the size of their rest-UV emitting regions are on average, a factor ∼ 4 larger than predicted by theory for plausible values of the radiative efficiency, object inclination, and black hole mass. Crudely, had the same effects been present here, our predicted luminosities would have been ∼ 16 times greater than observed (Eq. 3), which is, generally, not the case 9 . Whether this indicates a departure from self-similarity in the inner disk regions of AGN, a genuine difference between quasars and AGN, or systematic effects (and/or inadequate interpretation of the signal) in either of the methods, requires further investigation.
In what follows, we shall assume that geometrically-thin accretion disks provide a viable physical explanation for the bulk of the optical emission in AGN, and consider the physical implications of our results.
6.2. Effective Mass accretion rates and radiative efficiencies Our time lag measurements, as interpreted by standard thin (infinite) accretion disk models, may be used to measure the effective mass accretion rate,Ṁ, independently of the luminosity, in objects for which M BH is known (Eq. 2) 10 . TypicalṀ values for objects in the Sergeev et al. (2005) sample are shown in figure 9 , where the results hover around 0.01-0.1 M ⊙ yr −1 . When contrasted with the accretion rates of the Palomar-Green objects , Seyfert 1 galaxies tend to haveṀ values that are smaller by about 1-2 orders of magnitude, which is consistent with their luminosities being similarly lower than bona-fide quasars. Comparing our results for the mass accretion rate to those of other Seyfert 1 galaxies from Raimundo et al. (2012) , based on optical luminosity considerations (Bechtold et al. 1987) , we find qualitative agreement with their findings. We note, however, that the true mass accretion rate is somewhat lower than deduced here, asṀ includes the effects of irradiation; this is also true for the , see also Raimundo et al. (2012 ) results (see Appendix) .
An interesting property of our results is that the deducedṀ values (apart from three objects, including Mrk 509) span only about a factor of ∼ 5 in range, and could even be similar given the measurement uncertainties (mainly on M BH ). In contrast, the AGN in our sample span almost two orders of magnitude in luminosity. Whether this implies a common triggering mechanism for low-luminosity type-I AGN, which sets a rather uniform mass accretion rate across a broad range of BH masses, or whether this result vanishes as better data and more statistics are accumulated, remains to be determined. It is, however, interesting to note that a similar non-dependence of the (median) mass accretion rate on M BH has been previously reported by Davis & Laor (2011, see our Fig. 9) , for the PG quasars, over a similar range of black hole masses.
It is furthermore possible to estimate the radiative efficiency of Seyfert galaxies, η ≡ L bol /Ṁc 2 , provided the bolometric luminosity of the source, L bol may be reasonably estimated from the limited spectral range probed. To this end, we first assume that L bol /L opt ≃ 9, lation whose normalization is set by our brightest object, Mrk 509; see figure 8 .
10 While the results of the previous section imply that whether one uses τ 0 c to measureṀ or the optical luminosity, is immaterial, using time lag measurements has the advantage of being less affected by systematics such as extinction and reddening in the AGN host, and to the latter's contribution to the flux (this may be a non-negligible source for uncertainty given the relatively large apertures used by Sergeev et al. (2005) ). Also, mass accretion rates estimated from the centroid lags are unaffected by accretion disk inclination, in contrast to luminosity-based estimates Raimundo et al. 2012 ). Davis & Laor (2011, black points) , we find that Seyfert galaxies accrete at an order of magnitude or more lower rates.Ṁ-values for most objects are similar, and comparable to those deduced by Raimundo et al. (2012) based on independent optical luminosity considerations. Right: the accretion efficiency, η(M BH ), assuming that the bolometric luminosity is (a) 9 × λL λ (5100Å) , red squares; see also Table 1 ) or that (b) it inversely scales with mass (Raimundo et al. 2012 , orange diamonds; see §6.2). Under the same set of assumptions, results for the PG quasars are similar to those of Seyfert galaxies, and there is tentative indication for η being a rising function of M BH . Over-plotted are efficiency predictions from Novikov & Thorne (1973) where a * denotes the BH spin, and the value deduced for Sgr A * (Quataert & Gruzinov 2000) . The grey line shows the effect of a 0.5 dex shift in mass on the results. Changing the bolometric corrections would shift objects along the ordinate. Results for Mrk 509 are encircled (see also Fig. 8 ).
and is independent of M BH , as was assumed for the PG sample of quasars . Alternatively, we assume that L bol /L opt ∼ 9(M BH /10 8 M ⊙ ) −0.5 , which is consistent with the findings of Raimundo et al. (2012 , see also Scott et al. (2004 ) for their sample of AGN. We plot η(M BH ) in figure 9 using the above bolometric corrections, and conclude that the radiative efficiency is indeed consistent with the typical efficiencies from geometrically-thin accretion disk models (Narayan & Quataert 2005) . The results for a constant bolometric correction trace well the findings of for the PG sample of quasars. This means that, under the same assumptions, the radiative efficiency, η, for PG quasars and for Seyfert 1 galaxies behaves in a similar manner with the BH mass, and is independent of the mass accretion rate 11 . Using a massdependent bolometric correction does not appreciably alter the above conclusions.
Our findings provide tentative evidence for η being a rising function of black hole mass, as previously reported by based on SED arguments. With that being said, better bolometric corrections for individual objects, as well as better time-delay measurements for the least massive AGN are required to firmly establish such a trend, and, if real, its origin.
6.3. Reverberation mapping of accretion disks In this study we were able to measure, for the first time in a non-biased way and with a high successrate, continuum-to-continuum time-delays in 11/12 lowluminosity AGN. To securely determine the time-delays associated with an irradiated accretion disk, high cadence, good S/N observations are required, and prior knowledge of the BLR size could be advantageous in 11 Note that both the method applied here, and the one used by , measureṀ rather thanṀ; see the Appendix.
narrowing down the parameter-space, thereby leading to higher-confidence results.
Evidently, minimal benchmarks for a successful reverberation campaign are provided by the Sergeev et al. (2005) sample. Nevertheless, given the shorter delays deduced here compared to the Sergeev et al. (2005) findings, higher cadence observations, especially for lowluminosity objects are preferred. With upcoming photometric surveys, such as the Large Synoptic Survey Telescope (especially their deep-drilling fields), it may be possible to obtain much higher quality data for many more (bright) objects, potentially transforming the field.
In the long term, it may be possible to look for deviations from simple infinite self-similar disk models, which could shed light on the role of outflows in those systems, as well as on the accretion rate in the inner disk regions, which ultimately feeds the BH. Further, it may be possible to probe the far outskirts of disk, where it becomes self-gravitating, and may join with other components of the AGN, such as the BLR. In addition, it may be possible to determine the inclinations of accretion disks by comparing their apparent luminosities to their predicted ones. Lastly, reverberation mapping of the accretion flows in numerous AGN could reveal the different modes of accretion prevailing in those systems (e.g., slim vs. thin disk accretion) with implications for black hole growth rates.
Once accretion disk models are quantitatively tested and verified, and reddening corrections, and the host contribution to the flux adequately estimated, it may be possible to use quasars as standard candles, as envisioned by Collier (2001); Cackett et al. (2007, and references therein) . Interestingly, as our deduced lags are a factor ∼ 2 smaller than those considered by Cackett et al. (2007) , with all other quantities held fixed at the values adopted by these authors, our deduced value for H 0 based on their formalism (see their Eq. 15) would be in the range 42 − 88 km s −1 Mpc −1 and in better agreement with concordance cosmology. The full treatment of this topic is beyond the scope of this paper.
SUMMARY
Analyzing the photometric light curves for 12 objects in five bands from the Sergeev et al. (2005) sample we show that light echoes propagating across the continuum emission region is a general phenomenon in AGN and, provided that appropriate reverberation mapping techniques are employed, can be used to reliably infer the size of accretion disks, and probe their physics. We further show that the results are consistent with time-delays that originate in geometrically-thin, radiatively-efficient accretion disks, which provide independent support of the standard paradigm of BH accretion in low-luminosity type-I AGN.
Interpreting the measured lags in the framework of irradiated accretion disk models, we are able to determine, using measurable quantities independent of the optical flux, the mass accretion rate in Seyfert 1 galaxies. The typical mass accretion rates are found to be 0.1 M ⊙ yr −1 over the full black hole mass range explored here, and about an order of magnitude lower than those that characterize the PG quasars . We find independent, yet tentative, support for the findings of , where the radiative efficiency of AGN, η, increases with their BH mass, and show that η is, at least to zeroth-order effect, independent of the mass accretion rate (hence luminosity) of these sources.
The upshot of this work is that simple accretion disks seem to provide an adequate description for the physics underlying the optical emission in AGN, and that whether one uses time-delays or optical emission to infer their mass accretion rates should lead to similar results. With large upcoming photometric surveys that will monitor the sky with high-cadence, in several broadband filters, it may be possible to measure continuum time-delays, hence mass accretion rates and intrinsic (rest optical) luminosities in numerous objects, in a way which is independent of inclination, host contamination, and reddening effects. In the coming decade we are therefore likely to experience a significant progress in our understanding of accretion phenomena in AGN with implications for BH growth and feedback processes. Figure A1 . The propagation of perturbations across a standard, self-similar, accretion disk viewed face on, and characterized by M BHṀ = 10 6 M 2 ⊙ yr −1 . Left: The transfer function at 5500Å (blue) and 9250Å (red) for a accretion disk subjected to a perturbation of a δ-function form from a point source at its center. The transfer functions are normalized such that dtψ(t) =Ṁ/Ṁ − 1 ∝ L EUV (i.e., had L EUV been a constant, the disk would appear to have an effective mass accretion rate,Ṁ). The centroids of the transfer functions are denoted by filled circles. For comparison we also show the three additional wavelength-dependent scales: the half-light radius, and r(T (λ)), with T (λ) either obtained from Wien's law or by requiring that T = hc/λk B . Right: The relation between τ 0 c (as would be measured from the centroid or the peak of the transfer functions, for two disk inclinations; see legend) and the amplitude of the perturbation. For low amplitude perturbations, τ 0 c is constant as the disk temperature structure does not deviate considerably from its non-perturbed state. For higheramplitude perturbations, the optically emitting region increases in size, and the measured lag corresponds to its size had the perturbation acted for times longer than its light crossing time. Specifically, the curve corresponding to the centroid lag follows a τ 0 c ∼ [1 + dtψ(t)] 1/3 relation. For low-level perturbations (∼ 7%, i.e., of order the median fractional variability for the sample; see dash-dotted line), with lag measurements that trace the centroid of the of the transfer function, τ 0 c ≃ 0.7 days (c.f. Eq. 2), which is below the value adopted in Collier et al. (1998) , and closer to the value considered in Collier (2001) , and is independent of the disk inclination.
